Conejero García, Á.; Vilarino-Feltrer, G.; Martínez Ramos, C.; Monleón Pradas, M.; Vallés Lluch, A. (2015) . subsequently, its morphology and physicochemical parameters have been determined by scanning electron microscopy, density measurements and compression tests. Besides, the hydrogel acts as a cell-friendly nanoenvironment while it creates a gradient of bioactive molecules (nerve growth factor, NGF) along the scaffolds channels; the chemotactic effect of NGF has been evaluated by a quantitative ELISA assay. These multifunctional systems have shown ability to keep circulating NGF, as well as proper short-term in vitro biological response with glial cells and neural progenitors.
Introduction
Central nervous system (CNS) is particularly vulnerable to damages and defects like strokes or diseases, and hence medicine has traditionally made an intense effort to discover effective treatments upon investigation of their onset and symptoms. In
Parkinson's disease, e.g., an acute loss of dopaminergic neurons in the substantia nigra occurs, followed by a lack for dopamine in the striatum [1, 2] . Although mechanisms are still unclear [3] [4] [5] , latest discoveries improved our knowledge about where the disease begins and how this effect expands [6] . However, all CNS damages worsen soon after their onset due to the low rate of regeneration in the nervous system. This regeneration is only effective in hippocampus and olfactory bulb, although there are evidences of neurogenesis in adult mammals in several additional areas, including striatum and substantia nigra [7] .
Neural stem cells (NSCs) present some features such as a multipotent nature and a common cluster conformation known as proliferative neurospheres in response to defined signals; this is why neural stem cell transplantation has been considered as a promising strategy for the treatment of lesions [5, 8] . However, the effectiveness of this therapy is limited because of the lack of support from the host damaged environment and a low cell survival rate after transplantation.
In order to stop or effectively revert the progression of disease, synthetic biomaterials have been widely tested to avoid the drawbacks of current therapies. Indeed, they are one of the cornerstones in tissue engineering, as they might support cell grafting by providing a physical three-dimensional context to lodge and protect them, maximizing thus cell transplantation efficiency [9] [10] [11] . The use of scaffolds with selected properties Degradable materials are intended just as temporary supports and are thus the most employed ones; however, there is room for their opposites in this field, for example in CNS degenerative defects that are triggered or aggravated by gene-derived cues [13] . In general, the use of non-degradable polymers is desirable when the host tissue is not able to ensure a functional recovery by itself, and supply a long-term support in terms of three-dimensional innocuous protective environment. For instance, elastomeric polymers, like those made of ethyl acrylate (EA), or their copolymers with hydroxyethyl acrylate (HEA), can also interact with cell integrins and other membrane receptors via adsorbed proteins to modulate cell response, due to their paired hydrophobic-hydrophilic domains. Namely, P(EA-co-HEA) 90/10 w/w scaffolds have previously demonstrated good biocompatibility in in vitro and in vivo studies, allowing cells to adhere, migrate and differentiate [14] [15] [16] [17] .
Likewise, extracellular matrix-like hydrogels such as RAD16-I, in spite of being difficult to handle, have widespread experimental and clinical applications, including cell culture, drug delivery and regeneration of CNS tissue, cardiac tissue or cartilage and bone growth [18] [19] [20] [21] [22] , and such an edge has to be considered to mimic realistically a complex tissue-like structure.
To fully make the most of the tissue engineering potential, in recent years numerous bioactive stimuli such as neurotrophic factors, electromagnetic fields and extracellular matrix molecules have been used to fill the short-term deficiencies in the site of injury, together with biomaterials. Bioactive nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), fibroblast growth factor (FGF) and glial growth factor (GDNF) are some of the most extensively molecules explored as treatments for CNS 4 injuries [23] [24] [25] . In particular, NGF has also been tested with different delivery systems using fibrin, gelatin or other polymers, leading to an improvement of axon extension of neural cells [26, 27] .
Acrylate spongy or grid-like scaffolds have been combined with RAD16-I gel and their biological performance has already been studied in vitro and in vivo [14, [28] [29] [30] [31] .
Notwithstanding, the microarchitecture of scaffolds herein used is particular, in the sense that channels are smaller in diameter, lengthwise oriented and not connected between them; these features make them potential candidates for dentin regeneration, which has been the case in [32, 33] and for neural regeneration [17] . In this work, the in vitro biological response of P(EA-co-HEA) 90/10 scaffolds with parallel channels filled with a self-assembling polypeptide (RAD16-I) has been evaluated to select the material substrate, in terms of how crucial the channels diameter is to attain guided axon extension and the potential interest of incorporating the RAD16-I filler to improve cell proliferation and migration. The gel allows the diffusion of chemicals from one edge to the other, together with the colonization by cells seeded up there. Thus, it has been assessed whether the chemotaxis of NGF on a co-culture of Schwann cells and neurospheres along the scaffold channels improves axon regeneration, besides neural cell survival, proliferation and differentiation.
Materials and methods

Reagents and materials
Reagents were purchased from Sigma-Aldrich, except the N-N-dimethylformamide (Scharlab). Schwann cells and culture media were purchased from Innoprot, MTS assay kit from Promega, and putrescine, progesterone, sodium selenite, apo-t-transferrin, insulin, paraformaldehyde, Tween-20 and BSA from Sigma-Aldrich. DMEM/F12, glucose, HEPES, L-glutamine, penicillin/streptomycin, BDNF, FGF, StemPro acutasse, Quant-iT DNA assay, Alexa goat anti-rabbit 488 and DAPI were obtained from Life Technologies, polyclonal rabbit anti-GFAP from Dako Cytomation and NGF sandwich ELISA kit ChemiKine from Millipore.
Preparation of P(EA-co-HEA) scaffolds
P(EA-co-HEA) scaffolds were fabricated by thermal polymerization, using glass tubes (4 mm in diameter) filled with a bundle of polyacrylonitrile (PAN) fibers with two different diameters: 10 and 50 µm. The fibers were set parallels and stretched, as described in [32] . Briefly, a monomeric solution was prepared with ethyl acrylate (EA) and hydroxyethyl acrylate (HEA), 90/10% w/w, respectively, adding ethylene glycol dimethacrylate (EGDMA; 1% wt) as crosslinker and benzoyl peroxide (BPO; 0.5% wt) as thermal initiator. The solution was stirred and vacuum-injected into the molds, which were sealed and cured for 24 h at 60ºC. After this first polymerization step, temperature was raised to 90ºC for 24 h more, to post-polymerize any unreacted reagents. To obtain porous scaffolds, the bulk polymeric blocks were cut into sections of 6 mm in length and rinsed in N-N-dimethylformamide (DMF) for 72 h, changing the solution every 12 h, to dissolve the PAN fibers. To remove DMF from the scaffolds, they were next rinsed for 48 h in ethanol, replaced for fresh ethanol each 8h. Finally, they were gradually rehydrated with ethanol 85, 70, 50, 30 and 0% vol. each hour to prevent channels from collapsing, and vacuum dried.
Characterization of channeled scaffolds
Micrographs of transversal and longitudinal scaffold slices were taken in a scanning electron microscope (SEM, JSM-6300, JEOL). The scaffolds pores diameter and the percentage of porous area were quantified using ImageJ (National Institutes of Health, USA). Density of scaffolds having 50 µm diameter pores was measured by Archimedes' method with a precision scale (AX205, Mettler Toledo), weighing the samples in dry conditions and immersed in n-octane (Sigma-Aldrich). Their elastic moduli were obtained from compression measurements in a Seiko TMA/SS6000 dilatometer, from 0 to 1500 mN at 100 mN/min in the direction of the channels.
Bicompartmental systems
To evaluate the NGF diffusion rate and the chemical gradient created, bicompartmental systems were designed, as shown in Figure 1A . They consisted in a microcentrifuge conic tube (upper part) with a scaffold longitudinally fitted in and properly sealed with thermofusible glue. Watertightness was tested by forced diffusion of a water suspension of polymethyl methacrylate (PMMA) beads through the scaffold channels. The diameters of the beads used for the two different suspensions tested were in the range of 100 and 200 μm in one case and below 100 µm in the other.
Bicompartmental systems intended for cell cultures were sanitized in ethanol 70% for 2 h. Later they were rinsed in sterile water for 10 min. One group was then treated with an aqueous solution of RAD16-I 0.15% w/v by vacuum pumping it through the scaffolds channels (by several syringe strokes). To assess the complete filling of the channels with the polypeptide, CryoSEM (JSM541 with Oxford CT 1500 cryogenic unit, JEOL) micrographs of longitudinal cuts were taken.
Cell expansion
Rat Schwann cells (SCs) from a commercial line (Innoprot) were maintained at 37°C and 5% CO 2 in a 75 cm 2 flask with growth factors-supplemented culture medium (Innoprot). All experiments were carried out at fifth cell passage.
At the same time, neurospheres (NSs) transfected with red fluorescent protein (RFP)
were expanded at 37ºC and 5% CO 2 with neural pre-differentiation culture medium (DMEM/F12, 30% glucose, 7.5% NaHCO3, HEPES 1M, apo-t-transferrin, insulin, 1X putrescine, 2mM progesterone, 3mM sodium selenite, L-glutamine 2mM, 100 U ml−1 penicillin, 100 μg ml−1 streptomycin, 0.2% heparin, 1% FBS, BDNF 20 ng/mL and FGF 10 ng/ml). The culture medium was replaced every 3-4 days and, after 7 days of culture, the NSs clusters were mechanically and enzymatically (StemPro accutase) dissociated.
Cell seeding and viability assay
Bicompartmental systems were inserted in a 96-well plate and 1.5·10 5 SCs were seeded on the upper surface of each scaffold, with and without RAD16-I in their pores, and on polystyrene coverslips as a two-dimensional positive controls. Schwann cell medium was added and cell viability and proliferation were determined (two 6 mm long scaffolds per group) after 1, 7 and 10 days of culture by means of a colorimetric assay (MTS assay, Promega) and readings at 490 nm in a multiplate reader spectrophotometer (VICTOR 1420, Perkin Elmer).
The constructs with scaffolds having 50 µm diameter pores were also used for a DNA fluorometric assay. After 10 days of culture, samples were frozen at -80ºC and thawed 3 times (24h each) to lyse cells and allow the reagent (Quant-iT DNA) to bond to DNA chains, to measure fluorescence with the spectrophotometer. Bovine thymus DNA was used to convert fluorescence units into cell number.
In a subsequent assay, 10 5 SCs were again seeded in bicompartmental systems with SCs culture medium for 24 h. The bottom part of the bicompartmental systems was filled with mix medium (50% vol. Schwann rat medium, 50% vol. neural differentiation medium) and 10 ng/ml NGF. At the top of the system 10 5 rat NSs were then seeded and mix medium (without NGF, to establish a downwards gradient) was added. Cell viability was measured by MTS as explained before but after 1, 3 and 7 culture days in this case, four scaffolds per time.
Immunocytochemistry
At the end of culture time (7 days sucrose for 1h at room temperature. Then, they were soaked in OCT Compound (Leica Biosystems) for 2h and frozen at -30ºC overnight in order to cut them into 100 µm-thick longitudinal slices with a cryostat (HM520, Microm) for their observation under confocal and optical fluorescence microscopes (Olympus FV1000 and Nikon Eclipse 80i, respectively).
Protein (NGF) release study
Firstly, in order to estimate the NGF release rate along the scaffolds pores, an acellular diffusion assay was carried out. Bicompartmental systems were placed in a 96-well plate with a 10 ng/ml NGF aqueous solution in each well. Fresh distilled water was added in the upper compartment and aliquots were collected thereof after 15 and 30 min, 1, 1.5, 2, 3, 5 and 7 h.
Finally, to estimate the NGF effect over cell co-culture, the culture medium of the upper compartment was collected every time the medium was changed. Diffused NGF in both experiments was quantified by NGF sandwich ELISA kit. The absorbance of the each supernatant was read at 450 nm by the spectrophotometer. Three replicates per time point were scanned.
Results
Characterization of scaffold/gel composite systems
The procedure described above allowed to obtain 4 mm in diameter 6 mm long The pores size and scaffold porosity were analyzed from SEM cross sections images analogous to Figure 2A and B (140 and 80 pores analyzed for the scaffolds with 10 and 50 µm diameter channels, respectively). The channel diameter ( Figure 2G ) was inferred from the equation of the area of a circumference ( ) by measuring its area and assuming a circularity higher than 0.75 each. The porosity ( Figure 2H ), , was determined according to equation (1), where the porous fraction of a cross section is considered to be constant along the scaffolds:
where V means volume, A is the area, h is the height and the subscripts p and T mean pores and total, respectively.
The density obtained for the P(EA-co-HEA) scaffolds was 1.15 ± 0.01 g/cm 3 ; this value corresponds to the polymeric solid matrix of the scaffold, regardless of the number of channels and their distribution. The Young modulus in the linear regions of the stressstrain curve ( Figure 3 ) was determined as the slope for the strain intervals from 0 to 8.47% (E 1 = 0.161 MPa) and from 53.87 to 56.33% (E 2 = 1.938 MPa). Figure 1A shows a scheme of the bicompartmental system, from which bottom part images 1B and C were taken by bright field imaging to determine whether both compartments of the system were isolated hermetically except for the inner scaffold channels. In Figure 1B a random section of the well bottom was selected and several PMMA spheres with size smaller than 100 µm can be seen. Nevertheless, when PMMA particles with a diameter over 100 µm were used, only two of them were found in the n = 3 runs of the experiment (one of which is shown in Figure 1C ).
Regarding the inclusion of the RAD16-I gel inside the channels, the CryoSEM micrographs of longitudinal sections of scaffolds with 50 µm diameter channels ( Figure   4 ) showed a honeycomb-like web related to the sublimation residues of water contained in the RAD16-I gel filling the pores, where the solid P(EA-co-HEA) walls could be clearly identifiable with an appearance similar to that of Figures 2C and D.
Cell viability
The MTS assay carried out after SCs cultures at 1, 7 and 10 days allowed to confirm the biocompatibility of the scaffolds compared with a well bottom of a 96-well culture plate (as control) and to determine the optimal diameter of the scaffolds channels to allow SCs proliferation. As shown in Figure 5 , the scaffolds with 50 µm diameter channels behaved in very similar manner to the control for the first 7 days, whereas the 10 µm diameter channels showed lower cell densities. A meaningful decrease was found for the control after 10 days of culture, but not for any scaffold, showing those of 50 µm in diameter the best cell viability.
In the second MTS assay performed with scaffolds with 50 µm diameter channels cocultured with SCs and NSs (this time using mix medium supplemented with NGF in the upper compartment, Figure 6A ), the effect of the RAD16-I filling on cell proliferation was compared after 1, 3 and 7 days with cellular non-peptide filled scaffolds. A slight decrease in cell density over time can be observed for the scaffolds without RAD16-I, whereas the cells seemed to suffer an acute setback the first 3 days in the presence of RAD16-I from which they rapidly recovered up to levels comparable to those of the scaffolds without gel. Figure 8A shows the cumulative proportion of NGF that diffused through the scaffold channels, filled with RAD16-I and not, over time in the acellular diffusion experiment, on the basis of the total amount initially incorporated to the lower compartment.
ELISA measurements
Considerable differences between groups were detected in it from the first hour and in the steady state, reached after 5-6 hours, although nor the scaffolds with RAD16-I neither those with empty channels released more than 25% of the loaded amount.
The NGF quantification data from the supernatants collected during the SCs-NSs coculture after 1, 3 and 7 days in scaffolds with and without RAD16-I showed ( Figure 8B) that even more factor than that incorporated in the culture medium at the beginning of the culture (represented by the dashed line) diffused to the upper compartment. The over-generation of NGF stabilized in about 3 days and no significant differences were found between groups at the steady state.
Statistics
All data distributions in the pore diameter determination, the porosity quantification and the MTS assays fitted a normal distribution, as for their shape parameters (kurtosis and skewness). The low sample size of the first MTS assay, which was an exploratory test, voided it for further statistical analysis. However, an ANOVA was performed for the data of the second MTS assay and the Tukey's HSD test was used to compare simultaneously the means of the different groups with a 95% confidence level.
Discussion
The synthesis method used to prepare these scaffolds, based on the polymerization of the monomeric mixture in a fibers template followed by its leaching, led to obtain cylindrical scaffolds of 4 mm in diameter and 6 mm long with multiple parallel 10 or 50 µm diameter channels traversing them longitudinally (Figure 2 ). Although the porosity is slightly lower than in other three-dimensional scaffolds with different architectures, independently of the fibers diameter, this provides the benefit of avoiding the channels from intersecting or creating discontinuities, which could interfere with the intended guidance. Besides, these P(EA-co-HEA) 90/10 scaffolds are based in known biocompatible polymers and have properties comparable to those of the tissue to be regenerated; firstly, their density is similar to that of the extracellular matrix of soft tissues, as it has been formerly stated [32, 34] . On the other hand, their Young's modulus is also of the order of that reported in similar assays for encephalon in mammalians [35] , especially in the low strains stage (lower than 10%, Figure 3) , which corresponds to the most common strains found in a healthy nervous system. The elastic modulus of the copolymer is expected to decrease somewhat in a real physiological environment because of the 10% of HEA in its formulation, which is a hydrophilic polymer [32] compared to pure PEA [14] .
The assembly to obtain bicompartmental systems proved tight enough to consider the upper and lower compartments to be isolated from each other, only directly connected by the inner scaffold channels (Figure 1) , through which liquids, molecules and particles smaller than the channels diameter can flow. Still, a slow diffusion of liquids and molecules through the polymeric matrix of the scaffolds cannot be excluded, which is basically attributed to the fraction of hydrophilic HEA in it.
By means of the vacuum protocol the scaffolds channels were properly filled with the RAD16-I solution. The salts-mediated in situ gelation of the peptide was successful for 6 mm long channels. Its three-dimensional web-like structure (Figure 4 ) is similar to that of the extracellular matrix under CryoSEM: a cell-friendly nanoenvironment that cells isolated in the conduits can cover from the end of the scaffold where they are seeded to the other.
As for the cell response, the bare P(EA-co-HEA) 90/10 channeled scaffolds showed to be at least as biocompatible as the polystyrene cover used in cell culture plates ( Figure   5 ). The scaffolds with 50 µm diameter channels allowed SCs to proliferate faster than those with 10 µm channels, especially after 7 days of culture; this can be due to the volume restriction of the smaller diameter channels, similar in size to cells somata.
Thus, although the number of channels per unit area is greater in scaffolds with 10 µm channels, cells have little migration space and they may block themselves the access of nutrients from the opposite end. The sharp decrease in cell population observed on the control surface was probably triggered by the SCs high density reached after 10 days, which probably drove them to confluence and to the subsequent lack of oxygen and nutrients in the lower cell layers, as other studies have shown [36, 37] . The scaffolds, as three-dimensional environments, have a particular advantage regarding the free cell proliferation surface provided by the inner channels, which can be even some orders of magnitude greater.
The former MTS assay, along with other experiments like porosity quantification, were decisive to exclude the scaffolds with 10 µm-diameter channels for some experiments and further in vitro cultures, in order to minimize the number of samples, otherwise unwieldy. Thus, some assays were performed only with scaffolds with 50 µm diameter channels or the data obtained for the alternative scaffolds was considered of minor importance.
The RAD16-I filling represented a barrier for the penetration and migration of SCs along the channels, as it can be inferred from the absorbance value after 3 days in Figure 6A . Nevertheless, SCs rapidly recovered and proliferated the next 4 days, reaching a density similar to that of those seeded on scaffolds without RAD16-I, which suffered a gradual decrease in their population. Moreover, the mid-term proliferation enhancement differs from the chance of cells undergoing anoxic conditions as they migrate deeper, a common statement against non-degradable scaffolds. This hypothesis is supported by the results shown in Figure 6C , where a significant difference in the number of cells after 10 days of culture can be seen, corroborating the trend anticipated in Figure 6A . Hence, whilst both strategies were found proper enough for in vitro cultures, the use of RAD16-I as a gel filling implied an improvement in medium-term SCs proliferation. As for the NGF release through the channels, the diffusion assay revealed a significant difference between the equilibrium reached when the RAD16-I filled the scaffold channels and in absence of it. These steady state values were, anyway, far from the 100% NGF, assuming that the factor was well distributed over the total volume of solution in the bottom compartment ( Figure 8A ). Given that the alternating hydrophobic/hydrophilic groups of cross-linked acrylate copolymers like P(EA-co-HEA) has proven to effectively interact with domains of a number of proteins [38] , it may be thought that part of the remaining NGF may have been adsorbed on the polymeric channels surfaces due to electrostatic coupling (and the rest could have diffused through the semi-hydrophilic polymeric matrix). In those channels filled by the RAD16-I peptide gel, part of the adsorption sites of the polymer surface are already occupied by the polypeptide chains and, thereby, a larger fraction of growth factor had to diffuse along the hydrogel phase, as occurs indeed. This factor-substrate interaction prevents the formation of a more efficient NGF chemotactic gradient in the longitudinal direction of the channels, but may anyway lead to a more beneficial environment for neural progenitors in terms of growth and differentiation than the gel alone, as they will be surrounded by a nanoenvironment containing the factor in each section of the guidance channel. A number of bonds between NGF and the peptides cannot, though, be discarded. Indeed, in [39, 40] the authors observed a different motility of dyes and proteins through RAD16-I gel and attributed it to charge induced interactions between them. In this regard, NGF has also been found to bind to heparin- [41] and other peptides- [42] loaded in fibrin matrices.
The NGF quantitative analysis of the medium aliquots from SCs and NSs cultures revealed, however, a gradual increase in the cumulative amount of NGF released, even beyond the amount incorporated at the beginning of the experiment in the lower compartment (dashed line in Figure 8B ). No significant differences were detected after 7 days between gel-filled and bare scaffolds, in spite of the differences discussed in Figure 8A . Considering that a fraction of the factor was as well adsorbed on the scaffold channels and diffused through the copolymer matrix, as occurred in the acellular experiments, the only explanation for this excess is that cultured cells synthesized more than an extra 150% of NGF by their own and maintained the concentration for at least 4 days. The chemical stimulation of neuroglia by the initial NGF loaded might have acted as a cue and lead them to synthesize it further up to their appropriate concentration. A. Scheme of the bicompartmental system constituted by the cylindrical scaffold assembled to the conical reservoir, which is set on a well of a 96-well culture plate. Optical microscopy images from the bottom compartment of the bicompartmental system in the watertightness experiment with a PMMA spheres aqueous suspension, which diameter was smaller (B) or higher than 100 microns (C). Particle in image C illustrates one of the two only large spheres found in the bottom compartment in the experiment. Scale bar: 100 µm. 
